This study elucidates mitotic gene bookmarking as a novel epigenetic mechanism 24 in breast epithelial cells which impacts cell growth and phenotype and has potential 25 implications in breast cancer onset. 26 2 Abstract 27
RUNX1 mitotically bookmarks RNA Pol I-transcribed genes that control cell growth 152
Our ChIP-Seq results revealed that RUNX1 occupies rDNA repeats in MCF10A 153 mammary epithelial cells; all three MCF10A cell populations (Asynch, Mitotic and G1) 154 exhibited significant fold enrichment within the promoter region of hrDNA ( Fig 4A) , 155 suggesting a potential role for RUNX1 in regulating rRNA genes in MCF10A cells. We 156 8 confirmed this finding in actively proliferating MCF10A cells by immunofluorescence 157 microscopy for antibodies specific against RUNX1 and upstream binding factor (UBF), a 158 transcriptional activator that remains bound to rRNA genes during mitosis. We observed 159 large RUNX1 foci colocalizing with UBF throughout each stage of mitosis ( Fig 3A; bottom 160 panels). Colocalization between RUNX1 and UBF was validated by confocal microscopy. 161 Line scans of MCF10A cells show that although RUNX1 and UBF occupy distinct nuclear 162 microenvironments in interphase (n=15), both proteins substantially colocalize in 163 metaphase (n=15) ( Fig 3B) . Taken together, these findings establish RUNX1 binding to 164 ribosomal DNA repeat regions identified by ChIP-Seq ( Fig 4A) and confirmed at the 165 cellular level by confocal microscopy (Fig 3) . 166 We experimentally addressed the hypothesis that RUNX1 regulates ribosomal 167 gene expression by using a pharmacological inhibitor of RUNX1. The small molecule 168 inhibitor-AI-14-91-interferes with RUNX1-CBFb interaction and disrupts RUNX1 DNA 169 binding 42, 43 . We first determined the effect of RUNX1 inhibitor on mitotic retention of the 170 protein. Actively proliferating MCF10A cells were treated with the inhibitor (AI-14-91) for 171 6hr, 12hr, 24hr, and 48hr at 20μM; a structurally equivalent inert compound (AI-4-88) was 172 used as a control under identical conditions. Cells were subjected to immunofluorescence 173 microscopy followed by detection of RUNX1 and UBF as described above. Although 174 RUNX1 signal was detected in all mitotic sub-stages (data not shown), we observed a 175 substantial decrease in RUNX1 signal intensity on mitotic chromosomes (white arrows; 176 Fig 4B) , indicating that RUNX1-Cbfβ interaction and RUNX1 DNA binding activity plays a 177 key role in mitotic gene bookmarking. These changes were more pronounced for smaller 178 RUNX1 foci and were not observed in control-treated cells; appreciable signal for large 179 9 RUNX1 foci that colocalize with UBF ( Fig 3) remained detectable in all sub-stages of 180 mitosis ( Fig 4B and data not shown). 181 We next examined the effect of RUNX1 inhibitor on pre-rRNA expression and 182 found that pre-rRNA expression was significantly increased at 12hr and 48hr timepoints 183 after treatment of asynchronous cells with specific RUNX1 inhibitor but not inactive 184 compound, indicating that RUNX1 suppresses rRNA gene expression in normal 185 mammary epithelial cells ( Fig 4C) . Because levels of rRNA directly correlate with global 186 protein synthesis, a fluorescent-based detection method was used to measure newly 187 synthesized proteins. Cells treated with AI-14-91 for 24hr or 48hr showed a moderate Using RUNX1-bookmarked genes, gene set enrichment analysis (GSEA) was 196 performed to identify regulatory pathways ( Fig 5A) . In agreement with known roles of 197 RUNX1 44-48 , top 10 pathways identified were those involved in regulation of G2M 198 Checkpoint, E2F targets, p53, and DNA repair ( Fig 5A) . Consistent with our finding that 199 RUNX1 bookmarked and regulates rRNA genes, one of the pathways identified is mTOR 200 signaling, a pathway that is required for cell growth and is a therapeutic target in breast 201 cancers 49,50 . Relevant to the normal mammary epithelial phenotype, both early and late 202 10 estrogen response signaling gene sets significantly overlap with RUNX1 mitotically 203 bookmarked genes ( Fig 5A) . Because estrogen plays vital roles in promoting proliferative 204 phenotypes of mammary epithelial cells 51-53 , we interrogated RUNX1 bookmarked genes 205 to identify those bound by RUNX1 and ERα ( Fig 5B) 54 . Using publicly available datasets 206 of ERa genome-wide occupancy and estradiol-regulated gene expression, we find that a 207 subset of genes mitotically bookmarked by RUNX1 is also bound by ERα, and either up 208 or down regulated in response to estradiol. These findings indicate that RUNX1-209 bookmarked genes are involved in pathways that control hormone-responsiveness, 210 proliferation and growth of normal mammary epithelial cells ( Fig 5B) .
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A subset of RUNX1-bookmarked genes relates to regulatory pathways involved in 212 cellular phenotype including TNFα, Apical Junction and Notch signaling ( Fig 5A) . 213 Furthermore, NEAT1 and MALAT1, lncRNAs often deregulated in breast cancer 55 ). The surviving sub-population at day 5 was recovered by culturing cells in media 238 without the inhibitor. By day 3-4 following media replacement, cells clearly showed a 239 mesenchymal morphology ( Fig 6B) , indicating that interfering with RUNX1 mitotic 240 bookmarking causes loss of the normal mammary epithelial phenotype. Consistent with 241 changes in cell morphology, we find alterations in expression and localization of the 242 cytoskeletal F-actin protein ( Fig 6C) . These observations were confirmed by examining 243 the expression of epithelial markers (e.g., E Cadherin ( Fig 6D) ), as well as mesenchymal 244 markers (e.g., SNAl2 ( Fig 6E) ). E-cadherin was partially downregulated, while SNAl2 245 expression was significantly increased, confirming an epithelial-to-mesenchymal 246 transition upon inhibition of the RUNX1-Cbfb interaction. The p21 gene, a known target 247 that is repressed by RUNX1, was included as a control and, as expected, showed an 248 12 increased expression with the inhibitor treatment ( Fig 6E; right panel). Together, these 249 findings show that RUNX1 mitotic bookmarking of epithelial cell growth, proliferation, and 250 lineage-related genes is a key epigenetic mechanism required to stabilize the normal 251 mammary epithelial phenotype. Disruption of RUNX1 gene bookmarking results in an 252 epithelial-to-mesenchymal transition, a key first event at the onset of breast cancer. Hamamatsu ORCA-R 2 C10600 digital camera. Images were processed using ZEN 2012 383 software.
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Confocal microscopy was performed on slides prepared as described above. C. E. AI-4-88 48hr AI-14-91 48hr F-Actin F-Actin
